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The spectral distributions of external bremsstrahlung (EB) excited by beta particles from a 90Sr/90Y source
in thick target compounds PbCl2, PbF2, Pb(NO3)2 and CdO were measured using a 3.8 cm  3.8 cm NaI(Tl)
crystal. The spectra, unfolded using the Liden-Starfelt procedure, showed fairly good agreement with
theory (Tseng and Pratt) at low energies and some deviation (less than 15%) at higher energies. The
discrepancy between theory and experiment increases with modiﬁed atomic number of the target
compound and photon energy. The application of the measured/theoretical spectrum to estimate the
bremsstrahlung dose is also discussed.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
External bremsstrahlung (EB) is low-intensity electromagnetic
radiation associated with the acceleration of charged particles and
is produced by light particles such as electrons or beta particles, the
intensity of which is inversely proportional to square of the mass of
the radiating particle. Sommerfeld (1931) was the ﬁrst to propose
a theory of EB for non-relativistic electrons and Bethe and Heitler
(1934) developed a theory for relativistic electrons using the Born
approximation which is less accurate for high Z materials and for
high momentum transfer. Tseng and Pratt (1971) performed EB
cross section calculations based on a model of the atom as a static
spherically symmetric charge distribution of inﬁnite mass and
using four different central potentials namely, point coulomb,
Thomas-Fermi, modiﬁed Thomas-Fermi and modiﬁed Hartree-
Fock-Slater by using a partial wave expansion procedure. Seltzer
and Berger (1986) extended the Tseng and Pratt theory to include
the ﬁeld of an atomic electron and evaluated EB cross section data
for various elements.
The theoretical approaches discussed above give the cross
sections which are applicable to thin target EB spectra. Bethe and. Manjunatha).
All rights reserved.Heitler (1934) produced an expression for EB produced in thick
target elements and many others have performed experimental
studies (Gopala et al., 1986; Dhaliwal et al., 1993; Shivaramu, 1984;
Powar et al., 1980; Dhaliwal, 1990, 2002) with thin and thick
targets. Most of this work was carried out using metal thick targets
and measurements with compound thick targets has been lacking.
Shivaramu (1984), and Gopala et al. (1986) measured the EB spectra
generated by beta particles (90Sr/90Y) in thick target elements and
their results show better agreement with Tseng and Pratt thanwith
Bethe and Heitler theory.
Markowicz et al. (1984) proposed a new expression to take into
account the self absorption of bremsstrahlung and electron back
scattering and to obtain an accurate description of the brems-
strahlung process
I ¼ ConstDE
Eg
Zmod

E0  Eg
½1 f  (1)
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Ai
Pl
i
wiZi
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Table 2
Number of EB photons per 511 keV per beta disintegration in PbCl2.
Number of EB photons per 511 keV per beta disintegration in PbCl2
E(keV) Theory Experiment aPercentage
deviation
200 9.83  100 (10.33  0.41)  100 þ5.10
400 5.23  100 (5.54  0.22)  100 þ5.95
600 2.25  100 (2.40  0.12)  100 þ7.00
800 6.87  101 (7.42  0.37)  101 þ8.10
1000 1.69  101 (1.85  0.11)  101 þ9.20
1200 3.71  102 (4.08  0.25)  102 þ10.10
1400 7.39  103 (8.22  0.58)  103 þ11.30
1600 1.60  103 (1.80  0.14)  103 þ12.50
1800 3.63  104 (4.12  0.37)  104 þ13.60
2000 1.06  104 (1.22  0.12)  104 þ14.80
a The percentage deviation is calculated from [(Experimental/
Theoretical)  1]  100.
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electron energy respectively; Ai, wi and Zi are the mass number,
weight fraction and atomic number of the ith element in
a compound; f is a function of E0, Eg and composition (f ¼ 0 for
pure elements); l denotes the number of elements in the
compound. The new Markowicz formula derived in a more
rigorous way gives theoretical results for composite samples
which are in better agreement with experimental values of
Vander wood (1983) and others than those predicted by Kramer’s
law.
90Sr beta source is used in radiation therapy (Drud et al., 2006;
Haybittle et al., 1973). Uchiyama (1997) reported that Strontium-
89 chloride is being widely used as a palliative treatment for
patients with bone metastases. For this purpose, it is essential to
know the spectral distribution of beta particles of Strontium-89
placed within the bone (compound). As beta produces EB when
it interacts with the bone material the EB spectrum can be studied
externally using a NaI scintillation camera. Manjunatha and
Rudraswamy (2007a,b) estimated EB cross sections for bones
and compounds and Shivaramu (1990) evaluated the effective
atomic number (Zeff) of the same compounds for bremsstrahlung
using an interpolation method and they reported that Zeff agreed
fairly well with Zmod.
In this work for selected compounds we estimate the EB cross
section using Lagrange’s interpolation technique, evaluate the
theoretical EB spectrum, measure the EB spectra in the compounds
and compare with theory.Table 31.1. Estimation of Eb cross section
Using Eq. (2), the following values of Zmod were calculated for
the compounds PbCl2, PbF2, Pb(NO3)2 and CdO: 73.48, 69.12, 50.039
and 42.29 respectively. The six elements whose atomic numbers
adjacent to that of PbCl2 are Lu, Hf, Ta, W, Re, Os, and the Z values of
which are 71, 72, 73, 74, 75, 76 respectively. Similarly, six adjacent
elements were considered for three other compounds to evaluate
their EB cross sections. Using Lagrange’s interpolation technique.
Seltzer-Berger’s (1986) theoretical EB cross section data given for
elements and the evaluated results of Zmod using the following
expression.
sZmod ¼
X
Q
Z’sZ
ðZmod  ZÞQ
zsZ
ðz ZÞ

sz (3)
Where z is the atomic number of the element of known EB cross
section sz adjacent to the modiﬁed atomic number (Zmod) of the
compound whose EB cross section sZmod is desired and Z is atomicTable 1
Calibration of MCA.
Gamma source Energy (keV) Channel
170 Tm 84 393
57Co 122 571
141Ce 145 678
203Hg 279 1305
51Cr 320 1496
113Sn 392 1833
22Na 511 2389
1274 5958
137Cs 662 3096
60Co 1332.5 6220
1173.2 5472number of other elements of known EB cross section adjacent to
Zmod.1.2. Evaluation of theoretical EB spectrum
The number nðT ; kÞ of EB photons of energy k when all of the
incident electron energy T is completely absorbed in a thick target
(Bethe and Heitler, 1934) is
nðT ; kÞ ¼ N
ZT
1þk

sðE; kÞ
ðdE=dxÞ

dE (4)
where s(E, k) is EB cross section at photon energy k and electron
energy E, N is the number of atoms per unit volume of target and E
is the energy of an electron available for an interaction with the
nucleus of the thick target after undergoing a loss of energy per unit
length, dE/dx. For a beta emitter with end-point energy Tmax, the
spectral distribution of EB photons [S(k)] is
SðkÞ ¼
ZTmax
T
nðT ; kÞ PðTÞdT
ZTmax
T
PðTÞdT
(5)
where P(T) is the beta spectrum of 90Sr/90Y. The values of s(E, k)
obtained using Eq. (3), the tabulated values of (dE/dx) from
Seltzer-Berger’s (1986) data and the P(T) Cross, 1983) were used to
calculate S(k) for the target compounds.Number of EB photons per 511 keV per beta disintegration in PbF2.
Number of EB photons per 511 keV per beta disintegration in PbF2
E(keV) Theory Experiment aPercentage
deviation
200 9.25  100 (9.70  0.39)  100 þ4.90
400 4.92  100 (5.21  0.21)  100 þ5.80
600 2.12  100 (2.26  0.11)  100 þ6.90
800 6.46  101 (6.97  0.35)  101 þ7.90
1000 1.59  101 (1.74  0.11)  101 þ9.10
1200 3.49  102 (3.84  0.23)  102 þ10.00
1400 6.95  103 (7.73  0.54)  103 þ11.20
1600 1.51  103 (1.69  0.13)  103 þ12.40
1800 3.41  104 (3.87  0.35)  104 þ13.40
2000 9.98  105 (1.14  0.11)  104 þ14.50
a The percentage deviation is calculated from [(Experimental/
Theoretical)  1]  100.
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Fig. 1. Unfolded measured EB spectrum (circle) with the theoretical distribution (line)
for PbCl2 and S(k) is the spectral distribution of EB expressed as the number of photons
per moc2 per beta.
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Table 4
Number of EB photons per 511 keV per beta disintegration in Pb(NO3)2.
Number of EB photons per 511 keV per beta disintegration in Pb(NO3)2
E(keV) Theory Experiment aPercentage
deviation
200 6.69  100 (7.02  0.28)  100 þ4.80
400 3.56  100 (3.76  0.15)  100 þ5.75
600 1.53  100 (1.63  0.08)  100 þ6.80
800 4.68  101 (5.04  0.25)  101 þ7.85
1000 1.15  101 (1.26  0.08)  101 þ9.00
1200 2.53  102 (2.78  0.17)  102 þ9.95
1400 5.03  103 (5.59  0.39)  103 þ11.10
1600 1.09  103 (1.22  0.10)  103 þ12.26
1800 2.47  104 (2.80  0.25)  104 þ13.25
2000 7.23  105 (8.27  0.83)  105 þ14.44
a The percentage deviation is calculated from [(Experimental/
Theoretical)  1]  100.
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The beta source was obtained from Bhabha Atomic Research
Centre, Bombay, India, and the 90Sr and 90Y were in secular equi-
librium, emitting beta particles with end-point energies of 0.546
and 2.274 MeV, respectively. The source strength was determined
by absolute beta counting (Burtt,1949) andwas found to be 1.4mCi.
The details of the experimental arrangement have been described
previously (Rudraswamy, 1983). A 3.8 cm  3.8 cm NaI(Tl) crystal
detector mounted on a photomultiplier was coupled to a 16k
multichannel analyzer (MCA). The crystal was housed in a hollow
lead chamber lined with aluminum. The target compounds PbCl2,
PbF2, Pb(NO3)2 and CdO in ﬁne powder form were placed into an
acryllic planchette of 1 cm diameter. The thickness of these
compounds was chosen to stop all beta particles. The densities of
PbCl2, PbF2, Pb(NO3)2 and CdO are 5.85 g cm3, 7.77 g cm3,
4.53 g cm3 and 6.95 g cm3, respectively. The various properties
such as density and melting point were checked and found are
constant during the experiment. The source was placed in an
acryllic stand at a distance of 12.5 cm above the face of the detector
and the target compound was placed between the detector and the
source. The geometry was carefully adjusted to check that crystal
was fully exposed to the EB emitted from the target. The MCA was
calibrated using following g-ray lines before and after the experi-
ment to check the stability of the instrument: 170 Tm (84 keV), 57Co
(122 keV), 141Ce (145 keV), 203Hg (279 keV), 51Cr (320 keV), 113Sn
(392 keV), 22Na (511 and 1274 keV), 137Cs (662 keV), 60Co (1332.5
and 1173.2 keV). The energy calibration of the MCA is as shown in
Table 1 for a gain of 0.2138 keV per channel.
An acyrilic sheet with thickness sufﬁcient to stop all beta
particles was placed on the top of the target compound and withTable 5
Number of EB photons per 511 keV per beta disintegration in CdO.
Number of EB photons per 511 keV per beta disintegration in CdO
E(keV) Theory Experiment aPercentage
deviation
200 5.66  100 (5.93  0.24)  100 þ4.76
400 3.01  100 (3.18  0.13)  100 þ5.69
600 1.29  100 (1.38  0.07)  100 þ6.76
800 3.95  101 (4.26  0.21)  101 þ7.80
1000 9.75  102 (1.06  0.06)  101 þ8.95
1200 2.14  102 (2.35  0.14)  102 þ9.90
1400 4.25  103 (4.73  0.33)  103 þ11.09
1600 9.23  104 (1.03  0.08)  103 þ12.10
1800 2.09  104 (2.36  0.21)  104 þ13.17
2000 6.11  105 (6.98  0.70)  105 þ14.36
a The percentage deviation is calculated from [(Experimental/
Theoretical)  1]  100.the source in position, the spectrum of internal and external
bremsstrahlung and background were measured. The acrylic sheet
was then placed below the target compound and the combined
spectrum of external and internal bremsstrahlung recorded for the
same time (12 h). The difference in the two spectra corresponds to
the raw EB spectrum. The average of six sets of data in the energy
region 200e2000 keV was used for the ﬁnal analysis. The Liden-
Starfelt procedure (1955) was applied to unfold the measured
into the true photon spectrum S(k) which gives the number of
photons per moc2 per beta. The main sources of error in the
measurements were: statistical error; error in determining intrinsic
and geometric efﬁciencies, the photo fraction, the energy resolu-
tion of the detector, EB absorption in the target compound, air,
aluminum can, etc., and the beta source strength. In assessing these
errors we followed the methods adopted by Liden (1955) and
Shivaramu (1984). The absorption of EB photons in the aluminum200 400 600 800 1000 1200 1400 1600 1800 2000 2200
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Fig. 2. Unfolded measured EB spectrum (circle) with the theoretical distribution (line)
for PbF2 and S(k) is the spectral distribution of EB expressed as the number of photons
per moc2 per beta.
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Fig. 3. Unfolded measured EB spectrum (circle) with the theoretical distribution (line)
for Pb(NO3)2 and S(k) is the spectral distribution of EB expressed as the number of
photons per moc2 per beta.
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in the target was applied using the attenuation coefﬁcients from
WINXCOM program [Gerward et al., 2001, 2004). The overall error
was estimated to range from 4% to 10% from low to high energies.2. Results and discussion
The experimental and calculated values for the number of EB
photons per 511 keV per beta disintegration and the percentage
deviation from theory for selected compounds are given in
Tables 2e5. The unfolded measured EB spectra and theoretical EB
spectra, S(k), expressed as number of photons per moc2 per beta for
the compounds PbCl2, PbF2, Pb(NO3)2 and CdO are also shown in
Figs. 1e4. The discrepancy between theory and experiment
increases with modiﬁed atomic number of the target compound
and photon energy. It is evident from these ﬁgures that the
experimental points show closer agreement with the Tseng and200 400 600 800 1000 1200 1400 1600 1800 2000 2200
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Fig. 4. Unfolded measured EB spectrum (circle) with the theoretical distribution (line)
for CdO and S(k) is the spectral distribution of EB expressed as the number of photons
per moc2 per beta.Pratt theory in the lower energy range compared with the higher
energy range. For a given energy the deviation remains almost the
same for different Zmod of the compounds selected. The positive
deviation of experiment vs theory are less than 4% at 200 keV, less
than 8.1% at 800 keV and less than 15% at 2000 keV for all
compounds. The deviation between experiment and theory, espe-
cially in high energy regions can be understood qualitatively as
follows. The thick target calculation of EB spectra assume isotropic
production of bremsstrahlung, because thick target multiple colli-
sions may be expected to smear out the angular dependence. But
single radiative collisions of electrons inwhich all the energy is lost
still retain angular dependence, especially in the high energy range
of the b-spectrum. The emission in the forward direction increases
as the energy of the electrons increases, i,e., as the end-point
energy of the b-spectrum is approached.
The measured EB spectrum can be used to estimate the
bremsstrahlung dose D(x) at a distance x from the source, where
D(x) ¼ s PΔi F(x). Here F(x) is the speciﬁc absorbed fraction of
energy at distance x from source and it is estimated by using the
linear absorption coefﬁcient for photons of given energy and
absorption build up factor, s is the residence time of activity which
is the ratio of actual activity to the administrated activity. The
quantity Δi is numerically equal to (2.13niEi), where ni is the
frequency of occurrence of emissions with energy Ei. The quantities
ni and Ei are provided by the measured bremsstrahlung spectrum.3. Conclusion
Themeasured EB spectrum from a 90Sr/90Y source in thick target
compounds PbCl2, PbF2, Pb(NO3)2 and CdO shows fairly good
agreement at low energy end and disagreement at higher energy
end with the theory. The discrepancy between theory and experi-
ment increases with modiﬁed atomic number of the target
compound and photon energy. Theory can be improved for thick
target compounds by including various ‘solid-state effects’, namely,
multiple scattering, absorption of photons, energy loss of incident
electrons and their secondaries and backscattering processes that
are inherently present while the Bremsstrahlung photons are
emitted from thick targets under bombardment of electrons.Acknowledgments
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